• An important initial step in the management of hepatocellular carcinoma (HCC) is the application of an appropriate and accurate staging system to stratify patients for either liver-directed (e.g., radiofrequency ablation, embolization or transarterial embolization [TACE]) or systemic treatment. One of the most commonly used standard classifications is the Barcelona Clinic Liver Cancer system, which has been validated in many studies and is endorsed by the American Association for the Study of Liver Diseases and European Association for the Study of the Liver.
• Surgery (either R0 resection or transplantation [for HCC]) can provide potentially curative options for a minority of patients with liver-only primary and secondary liver tumors.
• For the most part, patients with unresectable secondary liver metastases or advanced HCC receive palliative treatment with systemic chemotherapy and/or molecularly targeted approach (e.g., sorafenib for HCC).
• However, in patients with unresectable liver-dominant disease (or whenever limited extrahepatic disease has an indolent clinical course), liver-directed locoregional therapies strategies may afford substantial clinical benefit in selected patients.
• Among the novel liver-directed locoregional therapies currently under investigation for the treatment of unresectable liver-dominant or liver-only primary and secondary cancers is radioembolization with yttrium-90 ( 90 Y) microspheres.
• Phase III randomized controlled trials (RCTs) against other liver-directed therapies are lacking for intermediate-stage HCC. However, preliminary data from a recent RCT has suggested that radioembolization has a similar time-to-progression and comparable toxicity to selective TACE.
• Phase II/III RCTs are now ongoing to evaluate the combination of radioembolization with systemic therapies in advanced-stage HCC and metastatic liver-dominant colorectal cancer in order to expand the treatment opportunities for patients with cancers in the liver.
• Novel applications of radioembolization in HCC that deserve further research include: the application of high radiation doses to small sectors of liver tissue in 'radiation segmentectomy'; right-lobar radioembolization to induce significant contralateral hypertrophy that may enable anatomic liver resections otherwise contraindicated because of a small future liver remnant; and the application of radioembolization for enabling downsizing to liver transplantation or percutaneous ablation.
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Among the novel liver-directed locoregional therapies for the treatment of unresectable liverdominant or liver-only primary and secondary cancers, radioembolization with yttrium-90 ( 90 Y)-microspheres has recently been considered as one of the most promising therapies currently under investigation. In HCC, transarterial chemoembolization (TACE), usually lobar, is the standard of care at many centers for the management of intermediate (Barcelona Clinic Liver Cancer [BCLC] stage B) HCC [6] . Both radioembolization and TACE are similar in delivery, since both require catheterization of the hepatic artery; however, TACE requires selective catheterization of the tumor-feeding vessel, while 90 Y-radioembolization can be delivered using either a whole liver, lobar or segmental or subsegmental approach, depending on the nature and distribution of the hepatic tumors. TACE and 90 Y-microspheres also differ in their mechanisms of action. 90 Y-microspheres (∼30 μm diameter) achieve tumor necrosis through the localized effects of b-radiation with little or no embolic effect on the vessel [7] . By contrast, the larger TACE or bland embolization particles (100-500 μm diameter) have been designed to occlude medium-to-large-size arteries, so that ischemia drives the antitumor effect, with drug delivery (carried in lipiodol or drugeluting beads) potentially enhancing tumor cell killing. Both TACE and 90 Y-radioembolization delay disease progression and are used in a number of different settings to: downsize tumors for resection; as a bridge to liver transplantation (in HCC); or as palliative therapies in liver metastases [8] . In HCC, a number of randomized controlled trials (RCTs) comparing TACE or sorafenib and 90 Y-radioembolization are underway (Table 1) . For patients with unresectable mCRC of the liver, clinical trials with radioembolization and concomitant radiosensitizing chemotherapy have shown promising results (Table 2) , rendering a significant proportion of patients amenable to potentially curative surgery or ablation. As a result, Phase III RCTs in this setting are now ongoing with 90 
Y-radioembolization.
Rationale for 90 
Y-radioembolization
The application of external beam radiation therapy in patients with liver tumors is limited by the low tolerance of liver tissue to radiation beyond 30 Gy [9] compared with the doses required for a tumoricidal effect [10] , which exceed 70 Gy [11] . Radioembolization exploits the well-characterized dual vasculature of the liver to selectively target tumors that are almost exclusively supplied by blood from the hepatic arterial branches. Owing to their size, the microspheres preferentially lodge within the tumor's microvascular plexus [12] . 90 Y, a pure b-emitter with a half-life of 64.1 h, is the most commonly used radionuclide for the treatment of both primary and secondary liver malignancies. The decay of 90 Y to stable zirconium-90 releases an average energy of 0.9367 MeV over a limited range (mean penetration into tissues: 2.4 mm), so that the radiation exposure is predominantly limited to tumor tissue, while normal liver tissue is spared [13, 14] . Radioembolization is delivered using either 90 (5, 10 and 20 Bq) . Beyond the differences in the materials used for each type of microsphere, these devices differ in the amount of radioactive isotope loaded in each microsphere (greater for glass microspheres), which in turn determines the number of microspheres injected in a typical radioembolization procedure (lower for glass microspheres) (Table 3 ). Current evidence suggests that the primary method of action of both resin and glass microspheres is the same and is due to a localized radiotherapeutic effect (brachytherapy) rather than microvascular embolization and tumor ischemia [7, 15, 16] .
Technical aspects of radioembolization •

• Pretreatment evaluation
A multidisciplinary team consisting of professionals from interventional radiology, hepatology, medical, surgical and radiation oncology, transplant surgery and nuclear medicine is involved in selecting suitable candidates for radioembolization.
Patients are selected according to the following criteria:
• Confirmed diagnosis of surgically unresectable HCC, intrahepatic cholangiocarcinoma (ICC) or liver-dominant metastases;
• Age >18 years;
• Eastern Cooperative Oncology Group (ECOG) performance status ≤2;
• Adequate hematologic parameters (granulocyte count <1.5 × 10 9 /l, platelet count >60 × 10 9 /l), renal function (serum creatinine level <2.0 mg/dl) and liver function (serum total bilirubin level <2.0 mg/dl); www.futuremedicine.com
• The ability to undergo angiography and selective visceral catheterization.
Most patients have a Child-Pugh score ≤7; although a Child-Pugh score >7 is not an absolute contraindication. The exclusion criteria are as follows:
• Any other liver-directed therapy planned for cancer treatment;
• Uncorrectable flow to the GI tract;
• Lung shunting >20% (resin microspheres) or estimated radiation doses to the lungs >30 Gy (with single administration) or 50 Gy (with multiple administrations);
• Significant extrahepatic disease representing imminent life-threatening outcome.
For patients with HCC and abnormal liver function (total bilirubin: 1.3-2.0 mg/dl), the tumor volume should not exceed 50% of the total liver volume; tumor volumes >70% or infiltrating disease (even in patients with normal liver function) are a relative contraindication for radioembolization. In patients with metastatic disease without cirrhosis, tumor volume should not exceed 50% with normal liver function tests (LFTs).
•
• Pretreatment angiography
In candidates for radioembolization, pretreatment angiography is performed (Figure 1 ) to detect and occlude aberrant vessels arising from hepatic arteries [17] that may feed nontarget tissue.
Alternatively, the infusion catheter is placed distal to all vessels with hepatofugal flow [18] [19] [20] .
• Pulmonary shunting
Another feature of hepatic tumors, particularly HCC, is the arteriovenous shunting of 90 Y-microspheres to the lungs [21] , thereby increasing the risk of radiation pneumonitis [22] . The fraction of shunting of microspheres from liver to the lung is assessed prior to radioembolization using technetium-99m macroaggregated albumin ( where A WholeLiver is the activity in GBq for a whole liver treatment and BSA is in m 2 . The calculated activity is then modified, as required, to take into account any lung shunting and the tumor burden [20] .
The BSA equation may be adapted for lobar treatments as follows: Y-glass microspheres, the dose absorbed to organs is estimated by the Medical Internal Radiation Dose schema, based on the assumption of uniformly distributed radioactive sources. Thus, the tumor and normal liver are assumed to share the same estimated absorbed dose [24] . Some groups proposed using the partition model to estimate the absorbed dose to tumor and normal liver parenchyma based on the uptake ratio of tumor to normal tissue of 99m Tc-MAA imaging as a surrogate for 90 Y-microsphere distribution, which provides a more realistic picture [25] .
The procedure is performed according to previously published guidelines [20, 26] . The device for administering 90 Y-resin microspheres is designed to minimize radiation exposure to the clinical team and optimize the flexibility and control of administration. The tumor is approached under fluoroscopic guidance and the predefined activity of 90 Y is slowly injected into the tumor-bearing segments (i.e., one or more lobes/segments, as required). A medical physicist is present throughout the procedure to ensure that proper protocols are followed to minimize accidental radiation exposure. After infusion of the 90 Y-microspheres, patients undergo a second Clinical, laboratory and radiologic follow-up is crucial to monitor response to treatment and to identify any toxicity. Cross-sectional imaging is performed at 1 month then every 3 months to assess the response.
• imaging after radioembolization
Both the appearance of the tumor and surrounding liver can vary after radioembolization. Early scans may not be representative of the final extent of necrosis, since radiation effects can take time to manifest radiographically. Rim enhancement (Figure 4) around the lesion is a common early finding, representative of a fibrotic capsule and not residual tumor [27] . A total of 8-12 weeks after radioembolization, there is noticeable tumor shrinkage, which can be measured using CT or MRI to assess tumor response in the index lesions using either Response Evaluation Criteria in Solid Tumors 1.0 or 1.1. Alternatively, the European Association for the Study of the Liver guidelines measure change in the amount of enhancing (i.e., viable) tumor only. However, these anatomic changes often lag behind functional changes. The development of functional imaging techniques including: diffusion-weighted MRI for HCC and mCRC, gadolinium-ethoxybenzyldiethylenetriaminepentaacetic acid in HCC and mCRC, and PET for liver metastases have allowed for the earlier (between 6 and 8 weeks postprocedure) and/or more sensitive assessment of treatment response compared with CT using Response Evaluation Criteria in Solid Tumors. However, further validation of these functional imaging techniques is still needed before they are adopted in clinical practice [28, 29] . Accompanying tumor shrinkage observed at 8-12 weeks is atrophy of the parenchyma with hepatic fibrosis and capsular retraction of the treated lobe (Figure 5) , especially if the treatment is lobar, rather than segmental or subsegmental. Atrophy also has the effect of stimulating hypertrophy in the untreated contralateral lobe, similar to that observed after hepatic lobe resection (Figure 6 ) [30] [31] [32] . Transient perfusion abnormalities in the region of treatment may also be observed, which are distinct from residual or recurrent tumor. Transient perivascular edema with accompanying hypodensity adjacent to the hepatic and portal veins can also be observed on CT.
Progression is often the result of new lesions (intra/extra-hepatic) beyond the treated area, since radioembolization will have a limited effect on hepatic micronodules, which are poorly arterialized. Identifying early progressors is important, since the role of systemic agents (e.g., sorafenib in HCC and FOLFOX in secondary liver lesions [even the refractory setting]) is likely to be key component in improving long-term outcomes [33] .
Clinical indications & outcomes
The use of 90 Y-radioembolization in HCC is mainly supported by data from retrospective series and uncontrolled prospective studies (levels of evidence II-2 and II-3) (Table 1 ) [34] [35] [36] [37] [38] [39] [40] . Furthermore, the publication of three large series including over 700 patients has provided important insights into the overall survival (OS) according to BCLC stage (Table 1) , and safety/tolerability profile of 90 Y-radioembolization in the real-world clinical setting [34] [35] [36] [37] 42 ]. Many patients included in these series (at different stages of HCC) had either progressed or relapsed after TACE or were considered poor candidates for TACE due to the presence of portal vein invasion in advanced HCC [6] or bulky tumors [43] . (NB: patients with segmentary or subsegmentary portal vein invasion may be considered for TACE [44] , while tumors ≥10 cm in diameter should be considered a relative contraindication to TACE [43] ). The use of radioembolization in these cohorts slowed disease progression and also provided a bridge to transplantation for some patients by extending the time patients could remain eligible for donor organs [45] . In a retrospective analysis in patients with HCC beyond Milan criteria, Lewandowski et al. [46] compared radioembolization to TACE showing that radioembolization was a better tool than TACE for downstaging the disease to within transplants criteria. Malignant portal invasion in patients with advanced HCC is an exclusion criterion for transplantation and is associated with a poor prognosis, regardless of the treatment modality. TACE is also contraindicated in patients with advanced HCC and portal vein invasion (especially main) [6] because of the embolic nature of this therapy, which may lead to further deterioration of blood supply in patients with an already compromised liver parenchyma. By contrast, studies with 90 Y-radioembolization have shown no significant difference in survival between patients with and without branch or main portal vein invasion (Figure 7 ) [37, 42, 47, 48] . When compared with transarterial embolization and sorafenib, radioembolization consistently provides similar survival rates across tumor stages: for intermediate BCLC stage B (without portal vein occlusion and/or extrahepatic metastases) [26] and advanced BCLC stage C (Table 1) [ • Advanced stage HCC with solitary tumors invading a segmental or lobar branch of the portal vein;
• The option of downstaging, thereby opening the door to a radical approach;
• Disease progression requiring TACE or sorafenib.
The National Comprehensive Cancer Network and European Society of Medical
Oncology guidelines recommend radioembolization as either a 'bridging' option before other treatment modalities (partial hepatectomy or liver transplantation) or as a main therapy for patients with diffuse intrahepatic tumor spread, or as an alternative to TACE in selected patients with contraindications for TACE [51] . Large clinical trials are now underway to establish the precise roles of radioembolization for the treatment of HCC relative to the tyrosine kinase inhibitor, sorafenib, which is the recommended treatment of choice for advanced HCC following the SHARP trial. In particular, a number of multicenter RCTs are ongoing in advanced HCC (stratifying patients with and without portal vein invasion) either combining radioembolization with sorafenib or comparing radioembolization versus sorafenib. To date, four small series have examined 90 Y-radioembolization as a potential treatment for unresectable ICC with median OS of 9.3, 11.5, 22.0 and 14.9 months, respectively, in patients who had received prior systemic chemotherapy [52] [53] [54] [55] . In another cohort of 24 patients, survival following 90 Y-radioembolization varied based on presence of multifocal (5.7 vs 14.6 months), infiltrative (6.1 vs 15.6 months) and bilobar disease (10.9 vs 11.7 months); disease was converted to resectable status in five (20.8%), who successfully underwent R0 resection [56] . Although the evidence is limited, early data suggest that the survival in ICC does not vary significantly regardless of the type of intra-arterial therapy (coventional TACE, drug-eluting beads TACE or radioembolization) [57] . (Table 4) [3, . In addition, small case series have been published on 90 Y-radioembolization for the treatment of liver metastases from neuroendocrine tumors, breast cancer and anduveal melanoma (Table 2 ) [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] . Therapeutic benefits appear to be greatest when radioembolization is used as an earlier line of therapy or is combined with chemotherapy [58] [59] [60] [61] 89] .
Liver metastases from mCRC
In 2001, a Phase III RCT compared 90 Y-resin microspheres plus hepatic artery chemotherapy versus hepatic artery chemotherapy alone in 74 patients with mCRC confined to the liver. The combined modality treatment had a significantly better tumor response (44 vs 17.6%; p = 0.01), a longer time-to-progression (TTP; 15.9 vs 9.7; p = 0.001), similar OS at 1, 2, 3 and 5 years (72, 39, 17 and 3.5% vs 68, 29, 6.5 and 0%, respectively) and an acceptable safety profile [58] . In 2004, the same investigators [59] reported favorable data from a small RCT on the use of systemic 5-fluorouracil (5FU)/leucovorin chemotherapy with or without an additional single administration of 90 Y-resin microspheres in the first-line treatment of patients with liverdominant mCRC. In this study of 21 patients, both TTP (18.6 vs 3.6 months) and median survival (29.4 vs 12.8 months) were significantly longer for patients receiving combined treatment. Sharma et al. [60] conducted a Phase I study evaluating radioembolization combined with modified FOLFOX4 (5FU/leucovorin plus oxaliplatin) first-line systemic chemotherapy in patients with unresectable mCRC in the liver. The objective Y-radioembolization, particularly if used as neoadjuvant to chemotherapy [90] . Unfortunately, the quality of the data (at present) does not permit reliable analysis of survival in this setting.
In the chemotherapy-refractory setting, a multicenter Phase III RCT by Hendlisz et al. [67] compared radioembolization combined with 5FU versus protracted intravenous infusion of 5FU alone in 46 patients with liver-limited mCRC. TTP (overall) and TTP in the liver were significantly in favor of the combination treatment arm: 4.5 and 5.5 months versus 2.1 and 2.1 months, respectively (p = 0.003), and was associated with a lower incidence of Grade 3 or 4 toxicities (six vs one patient; p = 0.10).
Studies have shown a better response as the dose of 90 Y in the tissue increases: with mortality reduced by 50% and the odds of a tumor response 3.1-times greater with median doses >95 Gy compared with median doses ≤95 Gy [91] . More recently, Bester et al. [69] compared survival following 90 Y-resin microspheres versus best supportive care (BSC) in patients with chemotherapyrefractory liver metastases in the salvage setting. Median OS was significantly extended with the addition of 90 Y-resin microspheres to BSC versus BSC alone: 11.9 (95% CI: 10.1-14.9 months) versus 6.6 months (log-rank test, p < 0.001); these survival figures have also been corroborated by the multicenter prospective study by Cosimelli et al. [68] and by the matched-pair analysis by Seidensticker et al. [66] .
Liver metastases from neuroendocrine tumors
Radioembolization was recognized by the National Comprehensive Cancer Network as a treatment option for mNETs [92] . Unresectable mNETs treated with radioembolization demonstrated limited toxicity and prolonged responses. Kennedy et al. [80] , in a 148 patient analysis, reported response rates of 63.2% with a survival of 70 months. Rhee et al. [79] in a multicenter Phase II study with 42 patients with hepatic mNETs observed that 92 and 94% of patients treated with glass and resin microspheres, respectively, showed either partial response or stable disease at 6 months, and the median survival was 22 and 28 months, respectively. Grade 3 toxicities were recorded in only six patients. They concluded that 90 Y-radioembolization is a viable therapy with acceptable toxicity for hepatic mNETs.
Other liver metastases 90 Y-radioembolization has been used for the treatment of patients with metastases other than mCRC with variable results (Table 2 ) [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] and a survival benefit has not been firmly established in prospective comparative studies. Bangash et al. [87] investigated 90 Y-radioembolization in 27 patients with progressing liver metastases of breast cancer on standard polychemotherapy. The response rate was 39.1%; stable and progressive disease was observed in 52.1 and 8.8%, respectively. A response on fluorodeoxyglucose PET was noted in 63%. The median survival was 6.8 months in patients with an ECOG performance status of 0 compared with 2.6 months (ECOG 1, 2 and 3). They concluded that 90 Y-radioembolization might be a viable option for the management of patients with liver metastases from breast cancer that have progressed on standard polychemotherapy. Coldwell et al. [86] investigated the use of 90 Y-microspheres in the treatment of chemorefractory liver metastases from breast cancer in 44 patients in a multi-institutional study. No treatment-related procedure deaths or liver toxicity were noted. Partial responses were recorded in 47% of patients (by CT) and in 95% of patients (by PET). Survival was longer for responders and patients with slowly progressing disease (median OS not reached after 14 months follow-up) compared with nonresponders (median OS: 3.6 months). These findings were corroborated in a prospective evaluation by Jakobs et al. [85] in 30 patients with chemorefractory disease, which also showed a longer survival among responders compared with nonresponders (23.6 vs 5.7 months; p = 0.005) and in patients with liver-only disease compared with those with extrahepatic disease (16 vs 9.6 months; p = 0.077).
Because benefits have not been definitely established in these tumor types, 90 Y-radioembolization should be limited to patients either unsuitable for, or refractory to, standard systemic therapies [93] .
Safety & toxicity
Radioembolization is a relatively safe procedure with a lower toxicity compared with TACE [94] future science group www.futuremedicine.com as a consequence of its small particle size and microembolic effect [77, 95] . The most common side effect is the postradioembolization syndrome, which occurs in approximately 50% of patients. Similar to postembolization syndrome observed with TACE but less severe, the main clinical symptoms of postradioembolization syndrome are transient in nature: mild-to-moderate abdominal discomfort, nausea, vomiting, fever, anorexia and fatigue over the first 2 weeks posttreatment. Transient elevations in LFTs, specifically increases in alkaline phosphatase, bilirubin, and alanine transferase levels, are common and to be expected after treatment [96, 97] . In addition, there are several specific complications associated with the nontargeted distribution of 90 Y-radioembolization, including: radiationinduced gastroduodenal ulcerations and pancreatitis, radioembolization-induced liver disease (REILD), portal hypertension, radiation cholecystitis and bile duct injuries [98] . Radiationinduced pneumonitis is an exceedingly rare event due to the mandatory quantification of liver-tolung shunting prior to 90 Y-radioembolization [96, 99] . Radiation-induced gastroduodenal ulcerations and pancreatitis, due to the inadvertent deposition of microspheres, occur in less than 5% of patients and less than 1% of patients (for pancreatitis) if meticulous patient preparation and proper techniques are used (i.e., slow and controlled injection of microspheres and prophylactic coil embolization of vessels to prevent nontarget deposition of microspheres) [96, 100, 101] .
REILD usually occurs with 8 weeks of radioembolization; its incidence varies from 0 to 4%and is more common in patients with preexisting liver dysfunction [102] and in patients with metastatic liver disease who have undergone extensive prior chemotherapy [96] . REILD is commonly defined by the occurrence of jaundice and nonmalignant ascites in the absence of tumor progression or bile duct obstruction. Bilirubin and alkaline phosphatase are usually markedly elevated; however, there may be no change in transaminase levels. Changes in LFTs after radioembolization have ranged between 15 and 20% [96, 97] . The presence of factors, such as abnormal hepatic function at baseline, increased age, and activity delivered may also increase the risk of REILD and changes in LFTs.
The incidence of biliary sequelae after radioembolization is reported to be <10%. According to Atassi et al. [103] , less than 2% of patients required intervention for the biliary toxicity induced by radioembolization (including drainage of bilomas, treatment of abscesses and cholecystectomies). Radiation-induced cholangitis is also rarely reported.
In the long-term, radioembolization has been shown to cause liver fibrosis in the treated portions, resulting in the contraction of the treated hepatic parenchyma and portal hypertension (based on radiological findings). This finding is more common with bilobar treatment, and its incidence increases in patients who have chemotherapy-associated steatohepatitis or pre-existing cirrhosis. However, portal hypertension has little clinical significance [104] because clinically relevant manifestations, such as reduced platelet counts (<100,000/dl) or variceal bleeding [31, 104] , are rare. 90 Y-radioembolization represents a promising option, which challenges the current treatment paradigm due to its high antitumoral effect and survival equivalence to TACE in HCC. Its clinical application requires further testing for the treatment of advanced HCC complicated by portal vein occlusion, in downstaging to transplantation as an alternative to TACE, and in the conversion of surgically inoperable patients (due to small liver remnant) to potential cure with resection.
Conclusion
In liver metastases, a clinically relevant survival benefit for 90 Y-therapy has been demonstrated in patients not responding to chemotherapy, including those heavily pretreated who would otherwise have few treatment options and a poor prognosis [105, 106] . Future research will recognize the precise role of 90 Y-radioembolization in clinical practice as a first-or second-line treatment modality in combination with modern chemotherapy. 
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